Prediction of progression to cancer in patients with Barrett ' s esophagus (BE) is diffi cult using current techniques. We determined whether DNA promoter hypermethylation of genes frequently methylated in esophageal adenocarcinoma ( p16 and APC) could be used as predictors of progression in BE.
INTRODUCTION
Patients with Barrett ' s esophagus (BE) have a signifi cantly increased risk of esophageal adenocarcinoma, 40 -125 times higher than the general population (1) . Th e detection of dysplasia in esophageal biopsies is currently the only standard method used in clinical practice as a marker for increased risk of cancer. However, dysplasia has not been a reliable marker for predicting malignant progression because of poor interobserver agreement among pathologists for diagnosis of dysplasia (2, 3) and the inherent problem of incomplete sampling of Barrett ' s mucosa by standard mucosal biopsy techniques. As only a small fraction of BE patients will actually progress to adenocarcinoma (4 -7) , there is a need to develop markers that may accurately predict which patients with BE are likely to have aggressive disease and progress from their baseline pathology to high-grade dysplasia (HGD) or cancer (CA) vs. patients who will remain histologically stable and have a benign course. Th is would allow for better risk stratifi cation of patients with BE to target aggressive surveillance and intervention towards only those patients at highest risk for neoplastic progression. Predictive biomarkers would thus have signifi cant utility in the management of BE patients.
DNA promoter hypermethylation is an epigenetic phenomenon that holds signifi cant promise as a molecular marker for early detection of malignant transformation, as this alteration is found in pre-invasive neoplastic tissue and involves genes, which regulate key pathways in cancer (8 -10) . Methylation of the promoter region of a gene results in suppression of gene transcription (11) and has been associated with the development of esophageal cancer (12 -20) . However, to date, few studies have evaluated the role of gene hypermethylation in predicting the progression from BE to esophageal adenocarcinoma in a longitudinal cohort of patients (21) . Our study focused on two genes, p16 / CDKN2a (22 -26) and APC (27) , which are important tumor suppressor genes that was found to be methylated in esophageal adenocarcinoma. Th e p16 gene is a cyclin-dependent kinase inhibitor and tumor suppressor involved in many solid tumors and lymphomas. APC is the adenomatous polyposis coli tumor suppressor gene.
Our aims were: (1) to perform a cross-sectional study to determine the prevalence of DNA promoter hypermethylation in the premalignant and malignant stages of BE; and (2) to perform a nested case -control study to determine whether DNA promoter hypermethylation is a biomarker that will predict, which patients with BE are likely to progress from baseline pathology to HGD or esophageal adenocarcinoma.
METHODS

Study population
Th is study was approved by the Johns Hopkins Medicine Institutional Review Board (Baltimore, MD). We used archived esophageal biopsy specimens obtained from adult patients in our BE and Esophageal Cancer Registry during outpatient upper endoscopy at the Johns Hopkins Hospital between 1998 and 2007. Th e BE and Esophageal Cancer Registry tracks all patients with the diagnosis of GERD, BE, or esophageal cancer who had undergone endoscopy at Th e Johns Hopkins Hospital since 1996.
Specimens were excluded if they were obtained under the following situations which had potential for DNA damage and thus could confound methylation results: (1) aft er photodynamic therapy or other types of mucosal ablation; (2) undergoing active chemotherapy; and (3) history of radiation therapy to the chest. Clinical and demographic information was obtained for each patient from the BE and Esophageal Cancer Registry including gender, race, and age. All patients underwent endoscopic surveillance using the Seattle biopsy protocol (28, 29) . Th is involved four quadrant biopsies every 2 cm in the Barrett ' s segment for patients without dysplasia or with low-grade dysplasia, and four quadrant biopsies every 1 cm for patients with suspected or known high-grade dysplasia. Jumbo biopsy forceps were used until 2004; thereaft er, large capacity biopsy forceps were used. Interval of surveillance was every 3 months for patients with high-grade dysplasia, every year for patients with low-grade dysplasia, and every 3 years for patients without dysplasia.
For each patient, we selected one archived esophageal biopsy specimen representative of their diagnosis (highest grade of neoplasia) at the time of endoscopy. In cases where the specimen contained several areas of diff erent grades of neoplasia, classifi cation was based on the highest grade of neoplasia present, because this is most clinically relevant. All specimens were reviewed by an expert gastrointestinal pathologist (EAM) to ensure accurate histological diagnosis, using a method similar to the Vienna classifi cation of gastrointestinal epithelial neoplasia (30) . Each specimen was labeled with a study code, which did not include patient identifi ers.
For the cross-sectional study, we selected specimens with the pathological diagnosis of BE with no dysplasia (ND), BE with low-grade dysplasia (LGD), BE with high-grade dysplasia (HGD), or esophageal adenocarcinoma (CA). In addition, control normal esophagus specimens taken from patients without any history of esophagitis, BE, or esophageal cancer who underwent upper endoscopy for evaluation of gastrointestinal symptoms were also examined.
For the nested case -control study, we obtained archived esophageal biopsy specimens from patients who had undergone at least two upper endoscopies between 1998 and 2007, and had an initial pathological diagnosis from the fi rst endo scopy of BE (at any grade) without evidence of adenocarcinoma. For patients who had undergone multiple upper endoscopies for surveillance, we obtained the initial specimen from the earliest endo scopy during this time period and the clinical outcome was based on the last endoscopy within the time period. Follow-up time was calculated by measuring the time interval between the fi rst and last endoscopies within the study period. We chose patients who had a minimum of 12 months between endoscopies to rule out synchronous cancers. Th e cases included all patients who progressed from their baseline pathology to HGD or adenocarcinoma within the cohort. Th e controls were randomly selected from all patients within the cohort who did not develop adenocarcinoma during the study period.
DNA preparation
Archived paraffi n-embedded esophageal biopsies were used for this study. For each esophageal biopsy used, a total of 10 sequential 10-μ m sections were cut, with the fi rst and last sections used for H & E staining and the intervening eight sections left unstained and used for methylation assays. Th e fi rst and last H & E sections were examined by a pathologist with expertise in BE (EAM) to confi rm the diagnosis of BE and degree of dysplasia. Tissue was fi rst deparaffi nized with xylene, digested overnight with proteinase K in 1 % SDS, and DNA isolated by phenol -chloroform extraction and ethanol precipitation.
Sodium bisulfi te modifi cation
Approximately 3 g of genomic DNA was treated with sodium bisulfi te, which modifi ed the DNA by converting all unmethylated cytosines to uracil, and then subsequently to thymidine during PCR. Th e modifi ed DNA was purifi ed with the Wizard DNA purifi cation system (Promega), desulfonated with NaOH, precipitated with ethanol, and resuspended in Tris-EDTA buff er as described (31) .
Methylation-specifi c PCR
Th e methylation status of the promoter regions of the genes p16 and APC was determined using a nested, 2-stage PCR approach as previously described (31, 32) . First, a stage-1 multiplex PCR was performed using primers, which fl anked the CpG-rich promoter regions for both genes simultaneously. One hundred nanogram of DNA template was used for stage-1 amplifi cation. PCR products of stage-1 were then diluted 1:500 and a stage-2 PCR performed to discriminate between methylated and unmethylated sequences. All primer sequences for this nested-MSP approach have been published previously (33) .
PCR used a 25-μ l reaction volume as described (34) Ten microliters of each PCR was loaded onto non-denaturing 6 % polyacrylamide gels, stained with ethidium bromide, and visualized under UV illumination. Methylation status was coded as a dichotomous variable (positive or negative). Specimens that failed to amplify with either PCR signifi ed inadequate DNA and these were not included in the data analysis. In our experience, this occurred in less than 5 % of samples.
Data analysis
Methylation-specifi c PCR was performed by a researcher blinded to the pathological diagnosis to determine promoter hypermethylation in p16 and APC .
For the cross-sectional study, we determined the prevalence of gene promoter hypermethylation in biopsy specimens as well as odds ratios and corresponding 95 % confi dence intervals for each gene ( p16 , APC ) using multivariable logistic regression. In specimens with data for both p16 and APC promoter hypermethylation, we also examined whether both genes were methylated. For these two-gene analyses, we only included specimens with adequate PCR amplifi cation for both genes; therefore the total number of specimens in this analysis is smaller than the individual gene analyses. We adjusted for multiple comparisons using the Bonferroni adjustment for signifi cance levels.
For the nested case -control study, we defi ned cases as BE patients who progressed from baseline pathology to HGD or esophageal adenocarcinoma and controls as BE patients who did not progress from baseline pathology. For each patient, we determined the hypermethylation status of p16 and APC in their initial esophagus biopsy specimens to evaluate whether patients with gene promoter hypermethylation at initial presentation would be more likely to subsequently progress to HGD or adenocarcinoma over their period of follow-up. Th e primary outcome variable was a dichotomous variable based on the patient ' s last endoscopy during the study period, indicating whether or not there was evidence of progression to HGD or adenocarcinoma. We calculated odds ratios and corresponding 95 % confi dence intervals for each gene ( p16 , APC ) by case -control status using univariate logistic regression. Exact methods were used when a gene methylation result predicted progression perfectly. We then performed time to event analyses using the method of Kaplan -Meier with the corresponding log-rank test.
RESULTS
Cross-sectional study
To investigate whether there was an association of neoplasia grade with gene hypermethylation, we analyzed specimens from 102 patients with BE and 42 patients with esophageal adenocarcinoma. Among the 102 patients with BE, 52 patients had no dysplasia, 30 patients had low-grade dysplasia, and 20 patients had high-grade dysplasia. In addition, we included 17 patients with normal esophagus to determine whether methylation of these genes was found in non-disease states. Th e demographics of the BE patients included in the crosssectional study are listed in Table 1 . Th ese are similar to other previously published cohorts of BE patients (35 -37) . Age and gender were signifi cantly diff erent among patients in the different grades of dysplasia, and subsequent analyses were therefore adjusted for these variables.
BE samples with diff ering grades of neoplasia were fi rst examined to determine whether specimens with more severe dysplasia or adenocarcinoma had diff ering prevalence of p16 and / or APC promoter hypermethylation. Specimens were categorized into three main pathological categories for purposes of data analysis: normal esophagus, BE with no dysplasia or low-grade dysplasia, and BE with HGD or esophageal adenocarcinoma ( Table 2 ) .
None of the patients with normal esophagus had promoter hypermethylation of p16 or APC . In contrast, those with BE and no dysplasia or low-grade dysplasia had a signifi cantly higher prevalence of promoter hypermethylation for both p16 and APC in their mucosal biopsies (31 and 50 % , respectively; ESOPHAGUS Wang et al. P < 0.01 for both compared with normal esophagus). Th ose with BE and HGD or adenocarcinoma had even higher rates of promoter hypermethylation for both p16 and APC (54 and 68 % , respectively; P < 0.001 for both compared with normal esophagus; P < 0.05 for both compared with BE with no or lowgrade dysplasia).
We then analyzed the strength of the association of dysplasia grade with gene hypermethylation in patients with BE by calculating odds ratios ( Table 2 ). Individually, p16 and APC hypermethylation were signifi cantly associated with having BE with HGD or adenocarcinoma in the univariate analyses. However, when the odds ratios were adjusted for age, gender, and race, these associations became non-signifi cant. Th is was due to the fact that p16 and APC hypermethylation was present at a moderate level even in BE at lower grades of dysplasia.
Nested case -control study
As hypermethylation of p16 and APC was present at a moderate level even in nondysplastic BE, we next examined whether the presence of these changes in lower grade histology would predict progression to HGD or cancer. For this study, we identifi ed seven patients with BE who subsequently progressed from baseline pathology to HGD or adenocarcinoma (cases), and 50 patients who did not progress from baseline pathology (controls) during a mean follow-up time of 4.1 years.
Th e demographics of the patients included in the nested case -control study are shown in Table 1 . Th ere were no signifi cant diff erences among cases and controls with respect to age, gender, and race. Overall, patients had baseline diagnoses of BE with no dysplasia (29 / 57 = 51 % ), low-grade dysplasia (22 / 57 = 39 % ), and high-grade dysplasia (6 / 57 = 11 % ). Among Adjusted odds ratios compared with no or low-grade dysplasia adjusted for age, gender, and race. *Denotes statistical signifi cance, set to a level of P < 0.017 using the Bonferonni method to adjust for multiple comparisons. + Denotes statistical signifi cance at P < 0.05.
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cancer (OR (95 % CI) = 24.73 (2.78,220.33), P = 0.004). Among patients who were negative for both p16 and APC hypermethylation, none progressed to HGD or cancer. When we incorporated the length of follow-up time in prediction of outcome, we found statistically signifi cant diff erences in the probability of progression-free survival when comparing patients who had hypermethylation of p16 or APC in their initial esophagus biopsies vs. those who did not ( Figure 2a -c ) .
Patients who had hypermethylation of p16 or APC individually or both genes all had a signifi cantly lower probability of progression-free survival ( P < 0.05 for all comparisons of presence vs. absence of gene hypermethylation by the log-rank test).
DISCUSSION
Th ere was a moderate prevalence of p16 and APC hypermethylation in BE patients at all grades of dysplasia. Th ese results suggest that p16 and APC hypermethylation are early events in the neoplastic progression of BE, because even BE patients with no dysplasia or low-grade dysplasia had hypermethylation of p16 and APC ranging from 30 -50 % . In our longitudinal nested case -control study, we therefore sought to determine whether the presence of these changes in lower grade histology would predict aggressive behavior and subsequent progression from baseline pathology to HGD or adenocarcinoma.
We felt it was important to include patients with a baseline diagnosis of HGD in our study because management of these patients is controversial. Th e risk of progression to cancer in patients with HGD has been estimated to range from 16 to 61 % based on published studies (2,38 -41) . Th erefore, a large proportion of patients with HGD will remain stable with HGD long-term, and it is more important to distinguish those with aggressive disease from those with stable disease, even among those with an initial diagnosis of HGD. Th us, we sought to determine whether DNA hypermethylation could diff erentiate between aggressive and stable Barrett ' s esophagus, regardless of the initial baseline diagnosis. We are confi dent that in patients who have undergone endoscopic surveillance with the Seattle endoscopic biopsy protocol at our institution, we are not missing any prevalent cancers at the time of endoscopy. We base this statement on the results of a separate study performed at our institution (42) , where we reviewed patients with Barrett ' s esophagus and HGD who subsequently underwent esophagectomy and found that among patients who had the cases, baseline diagnoses included no dysplasia ( n = 2), low-grade dysplasia ( n = 4), and high-grade dysplasia ( n = 1). Among the controls, baseline diagnoses included no dysplasia ( n = 28), low-grade dysplasia ( n = 17), and high-grade dysplasia ( n = 5). Among the cases, the mean length of time to progression was 24 months.
Patients with BE who subsequently progressed from baseline pathology to HGD or adenocarcinoma had a signifi cantly higher prevalence of hypermethylation in their initial esophagus biopsies compared with those who did not progress with respect to both p16 (100 vs. 33 % ; P = 0.008) and APC (86 vs. 40 % ; P = 0.02) ( Table 3 ). Hypermethylation of p16 was a highly signifi cant predictor of subsequent progression from baseline pathology to HGD or adenocarcinoma (OR (95 % CI) = 10.02 (1.18,inf), P = 0.03) ( Table 3 , Figure 1 ) . Th e association of APC hypermethylation and subsequent progression to HGD or adenocarcinoma was also signifi cant (OR (95 % CI) = 9.00 (1.01,80.52), P = 0.049, Table 3 ). However, the combination of both hypermethylated p16 and APC in baseline esophagus biopsies was the best predictor of subsequent progression to HGD or adenocarcinoma (OR (95 % CI) = 14.97 (1.73,inf), P = 0.012). When we included patients with less than 12 months (but at least 6 months) between endoscopies, p16 and APC hypermethylation was an even strong predictor of progression to HGD or promoter. We confi rmed the presence of methylated DNA by sequencing the promoter region amplifi ed by the PCR primers. The representative gel shows that one BE patient who initially presented with low-grade dysplasia and progressed pathologically to cancer had hypermethylated promoter DNA in the p16 gene in an esophagus biopsy taken at initial presentation. Meanwhile, another BE patient who also initially presented with low-grade dysplasia but did not progress pathologically did not have any promoter hypermethylation detected in the p16 gene on initial esophagus biopsy.
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undergone the Seattle endoscopic biopsy protocol (as these patients had) there were no occult cancers found at the time of surgery. We found that promoter hypermethylation of both p16 and APC was the best predictor of subsequent progression from baseline pathology to HGD or adenocarcinoma. Importantly, a negative methylation result may be even more clinically useful because our results showed that no patient lacking hypermethylation of both p16 and APC progressed from baseline pathology to HGD or cancer.
Our results are consistent with a previous study which found p16 , RUNX3 , and HPP1 hypermethylation to be predictors of progression to the combined end point of high-grade dysplasia or adenocarcinoma in BE patients, with the odds ratios for risk of progression being 1.74, 1.80, and 1.77, respectively (21) . However, our study diff ers from this previous study in that our study results show a much stronger association between promoter hypermethylation of both p16 and APC and subsequent progression to HGD or cancer with much higher odds ratios than previously reported (21) . Th ese high odds ratios may be due to diff erences in the assays used for methylation assessment. Th e use in our study of the highly sensitive nested methylation-specifi c PCR assay for detection of gene promoter hypermethylation may explain the high odds ratios and strong associations between promoter hypermethylation of p16 and APC and subsequent progression to cancer, which we observed.
Our study results vary somewhat from a previous study, which reported that APC , TIMP3 , and TERT hypermethylation were predictive markers of progression to adenocarcinoma (43) . APC , TIMP3 , and TERT promoters were hypermethylated in 100, 91, and 92 % of cases in BE mucosa from patients who had adenocarcinoma. Meanwhile, in contrast to our study, p16 hypermethylation was not reported to be a predictive marker. Th ere are several possible reasons for the diff erence in results, which are most likely attributable to diff erences in the study design and methodology. First, the BE specimens for the cases in this previous study were taken from BE mucosa adjacent to adenocarcinoma in esophagectomy specimens. Meanwhile, in the cases for our study, we used BE specimens from endoscopic biopsies, which were obtained temporally at least 12 months before the diagnosis of adenocarcinoma. Th is previous study also used a diff erent assay for assessing methylation, the methylation-sensitive dot-blot assay. Our use of the highly sensitive nested methylation-specifi c PCR assay for detection of gene promoter hypermethylation may explain why we were able to detect p16 hypermethylation as a predictor of progression.
A limitation of our study is that biopsy selection was dependent on dysplasia classifi cation and therefore is subject to the known problems of inter-observer variability in dysplasia. Although we had our specimens examined by an expert pathologist in Barrett ' s esophagus, future cross-sectional studies could be more rigorously performed by having multiple pathologists examine each specimen and to only include those specimens for which the diagnosis was universally agreed upon.
In the longitudinal nested case -control study, we do recognize that our confi dence intervals are very large due to the small number of cases, and therefore the exact point estimates may not be accurate. Future studies should be carried out with larger populations and longer follow-up time to validate our study results. Th is will likely require multi-center collaboration to pool BE populations across institutions to increase the number of cases captured.
In conclusion, we report that promoter hypermethylation of p16 and APC is a frequent and early event in the stepwise progression from normal esophagus through BE to esophageal adenocarcinoma. Regardless of baseline dysplasia grade, hypermethylation of both p16 and APC is a strong predictor Figure 2 . Probability of progression-free survival in patients with BE in relation to their gene promoter hypermethylation status in initial esophagus biopsies. There were statistically signifi cant differences for p16 ( a , P = 0.009), APC ( b , P = 0.03), and both genes ( p16 and APC ) hypermethylated ( c , P = 0.001) by the log-rank test. of subsequent progression from baseline pathology to HGD or esophageal adenocarcinoma in patients with BE even before pathologic changes are evident. Meanwhile, the absence of p16 and APC hypermethylation may be equally important in predicting a benign course. Th ese results could have signifi cant clinical implications for patient management by using methylation profi ling to identify BE patients who are at the highest and lowest risk for progression to cancer. If these results are confi rmed, follow-up of BE patients could then be adjusted accordingly, with the highest risk patients who have both p16 and APC hypermethylated undergoing early intervention in the form of more frequent endoscopic surveillance, chemoprevention, ablative therapy, or surgery. Meanwhile, the lowest risk patients with BE unmethylated for both p16 and APC could be off ered more conservative management.
Our study results suggest that the presence or absence of p16 and APC promoter methylation in esophageal tissue may potentially be used as biomarkers to help in the risk stratification of patients with BE. Th e triggers for the neoplastic progression of BE are likely multifactorial in nature, involving both epigenetic and genetic events, as well as environmental factors. Over time, all of these events may have cumulative eff ects that ultimately lead to the development of cancer. A multitude of epigenetic and genetic factors have been studied as potential biomarkers including p53 protein overexpression and allelic loss (44, 45) , aneuploidy or tetraploidy (40, 46) , and gains of proto-oncogenes (47) . Meanwhile, environmental exposures such as obesity (48) , diet (49) , and nonsteroidal antiinfl ammatory drugs (50) have also been postulated to infl uence the development or progression of BE. It is likely that the best model for predicting clinical outcome in BE patients will ultimately involve a combination of epigenetic and genetic factors, dysplasia grade and other pathological characteristics, and clinical and demographic attributes.
